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FOREWORD 
The program d i s c u s s e d  h e r e i n  was i n i t i a t e d  t o  deve lop  a n  RL10A-3-3 
r o c k e t  e n g i n e  o x i d i z e r  pump c o n f i g u r a t i o n  e l i m i n a t i n g  m e  t a  1 -to-me ta  1 
r u b  of  t h e  induce r  on t h e  hous ings  d u r i n g  a l l  normal eng ine  o p e r a t i o n ,  
w i t h o u t  a d v e r s e l y  a f f e c t i n g  t h e  o v e r a l l  pump performance.  Although no 
d i f f i c u l t i e s  were encountered  from t h i s  rubb ing  d u r i n g  t h e  eng ine  and 
component t e s t i n g  w i t h  t h i s  d e s i g n ,  e x p e r i e n c e  on o x i d i z e r  pumps i n  o t h e r  
eng ines  sugges t ed  t h a t  me ta l - to -me ta l  r u b  w a s  u n d e s i r a b l e .  The re fo re  
a program w a s  i n i t i a t e d  t o  deve lop  a c o n f i g u r a t i o n  w i t h  no m e t a l - t o -  
m e t a l  r u b .  
This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of t h i s  development program con- 
duc ted  on t h e  RL10A-3-3 eng ine  o x i d i z e r  pump under NASA C o n t r a c t  NASB-15494 
f o r  t h e  p e r i o d  August 1965 t o  June 1966. 
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ABSTRACT 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  t h e  development program conducted 
on t h e  RL10A-3-3 e n g i n e  o x i d i z e r  pump under  NASA C o n t r a c t  NAS8-15494 f o r  
t h e  p e r i o d  August 1965 t o  J u n e  1966. 
The o b j e c t i v e s  w e r e  t o :  
1. Develop a n  o x i d i z e r  pump c o n f i g u r a t i o n  t o  e l i m i n a t e  i n d u c e r -  
to -hous ing  metal- to -meta l  r u b  w i t h o u t  a d v e r s e l y  a f f e c t i n g  
pump performance.  
2 .  Determine t h e  c a u s e  o f  t he  o x i d i z e r  pump t e s t  r i g  f i r e s  
encountered  d u r i n g  i n v e s t i g a t i v e  t e s t i n g  d i r e c t e d  toward 
t h e  r e q u i r e m e n t s  o f  o b j e c t i v e  1. 
The program c o n s i s t e d  o f :  
1. O x i d i z e r  pump r i g  t e s t s  with i n c r e a s e d  i n d u c e r - t o - h o u s i n g  
c l e a r a n c e s ,  a c a r b o n  i n s e r t  r u b  r i n g ,  and i n t e n t i o n a l l y  
heavy i n d u c e r -  to -hous ing  r u b s  
2 .  Engine t e s t s  w i t h  i n c r e a s e d  i n d u c e r - t o - h o u s i n g  c l e a r a n c e s  
and w i t h  a carbon i n s e r t  rub r i n g  
3. Des ign  a n a l y s i s  
4 .  Pump s h a f t  and h o u s i n g  s t a t i c  d e f l e c t i o n  tes ts  
5 .  Rub tes t s  i n  l i q u i d  oxygen of t h e  m a t e r i a l s  used in t h e  
o x i d i z e r  pump. 
The r e s u l t s  were: 
1. A carbon i n s e r t  w a s  added t o  t h e  i n d u c e r  h o u s i n g  b o r e  f o r  
a l a b y r i n t h  seal r u b  r i n g .  The i n d u c e r  b l a d e - t o - h o u s i n g  
c l e a r a n c e  w a s  i n c r e a s e d  on t h e  unshrouded p o r t i o n  o f  t h e  
i n d u c e r .  T h i s  h a s  e l i m i n a t e d  t h e  i n d u c e r - t o - h o u s i n g  
meta l - to-meta l  rub  on a l l  e n g i n e  and component t e s t i n g  
conducted t o  d a t e .  Pump performance w a s  n o t  a d v e r s e l y  
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2 .  The p r o b a b l e  c a u s e  o f  t h e  o x i d i z e r  pump t e s t  r i g  f i r e s  
encoun te red  d u r i n g  t h i s  program w a s  a r u b  between t h e  
i m p e l l e r  f r o n t  m e r i d i o n a l  con tour  and t h e  h o u s i n g .  
O p e r a t i n g  c o n d i t i o n s  i n  the e x p e r i m e n t a l  t e s t  r i g  and 
t h e  t e s t  c o n f i g u r a t i o n  d u r i n g  which f i r e  o c c u r r e d ,  were 
n o t  r e p r e s e n t a t i v e  o f  engine  c o n d i t i o n s  and no f i r e s  
have o c c u r r e d  d u r i n g  RL10A-3-3 e n g i n e  t e s t i n g  i n  o v e r  
1800 f i r i n g s .  However, the pump r i g  t e s t  i n d i c a t e d  a 
p o t e n t i a l  problem and t h e  i m p e l l e r - t o - h o u s i n g  c l e a r a n c e  
was i n c r e a s e d  f o r  added margin i n  t h e  RL10A-3-3 pro-  
d u c t i o n  e n g i n e s .  
i v  
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The RL10A-3-3 r o c k e t  eng ine  i s  a r e g e n e r a t i v e l y  c o o l e d ,  turbopump- 
f e d  eng ine  w i t h  a s i n g l e  chamber and a r a t e d  t h r u s t  a t  a l t i t u d e  of 
15,000 l b ,  and a nominal s p e c i f i c  impulse of 444 sec.  P r o p e l l a n t s  a r e  
l i q u i d  oxygen and l i q u i d  hydrogen i n j e c t e d  a t  a nominal  o x i d i z e r - t o -  
f u e l  m i x t u r e  r a t i o  of 5 . 0 : l .  Rated eng ine  t h r u s t  i s  ach ieved  a t  a nominal 
d e s i g n  chamber p r e s s u r e  of 400 ps i a  w i t h  a n o z z l e  a r e a  r a t i o  of 5 7 : l .  
The i n i t i a l  RL10A-3-3 r o c k e t  eng ine  o x i d i z e r  pump d e s i g n  pe rmi t t ed  
me ta l - to -me ta l  rub  o f  t h e  induce r  l a b y r i n t h  seal  on t h e  bo re  o f  t h e  i n d u c e r  
hous ing .  Although no d i f f i c u l t i e s  were encountered  from t h i s  rubb ing  
d u r i n g  t h e  eng ine  and component t e s t  program w i t h  t h i s  d e s i g n  , e x p e r i e n c e  
on o x i d i z e r  pumps i n  o t h e r  r o c k e t  e n g i n e s  sugges t ed  t h a t  t h e  m e t a l - t o -  
metal rub  w a s  u n d e s i r a b l e ;  t h e r e f o r e ,  a program was i n i t i a t e d  t o  deve lop  
a c o n f i g u r a t i o n  w i t h  no meta l - to-meta l  rub .  The o b j e c t i v e s  were t o :  
1. Develop an o x i d i z e r  pump c o n f i g u r a t i o n  t o  e l i m i n a t e  induce r -  
t o -hous ing  metal- to-metal  r u b  w i t h o u t  a d v e r s e l y  a f f e c t i n g  
pump performance 
2 .  Determine t h e  cause  o f  the o x i d i z e r  pump t e s t  r i g  f i r e s  
encountered  d u r i n g  i n v e s t i g a t i v e  t e s t i n g  d i r e c t e d  toward 
t h e  r equ i r emen t s  o f  o b j e c t i v e  1. 
T h i s  r e p o r t  p r e s e n t s  t h e  resul ts  o f  t h e  development  program con- 
duc ted  on t h e  RL10A-3-3 eng ine  o x i d i z e r  pump under  NASA C o n t r a c t  NAS8-15494 
f o r  t h e  p e r i o d  August 1965 t o  June 1966.  
The RLlOA-3-3 o x i d i z e r  pump was r edes igned  from t h e  RL10A-3-1 model 
pump t o  accommodate t h e  r e v i s e d  engine  requi rement  o f  i n c r e a s e d  chamber 
p r e s s u r e  and reduced  pump NPSH requi rement .  The d e s i g n  r equ i r emen t  
w a s  t o  d e l i v e r  l i q u i d  oxygen a t  a nominal  f low r a t e  of 185 gpm, w i t h  
a p r e s s u r e  r i s e  of  514 p s i  a t  a speed o f  12 ,000  rpm and i n l e t  NPSP o f  
8 p s i d  o r  less .  S i g n i f i c a n t  changes from t h e  RL1OA-3-1 pump were :  
1. The i m p e l l e r  d i ame te r  was i n c r e a s e d  from 3 .90  t o  4 .20  i n .  
2 .  The i m p e l l e r  shroud f r o n t  vanes  were removed 
3.  The forward impe l l e r - to -hous ing  c l e a r a n c e  w a s  reduced  
1-1 
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4. The induce r  d i a m t e r  was inc reased  from 1 .93  t o  2 . 2 6  i n .  
5.  The forward p o r t i o n  o f  t h e  inducer  b l a d i n g  was unshrouded 
6 .  The a b r a i d a b l e  carbon r u b  r i n g  was removed. 
A comparison of  t h e  d e s i g n  d i f f e r e n c e s  between t h e  RL1OA-3-1 and t h e  
RL10A-3-3 o x i d i z e r  pump is shown i n  f i g u r e  1-1. 
I n d u c e r  s e a l  c l e a r a n c e s  were s e t  a s  low as  p o s s i b l e  f o r  optimum pump 
performance i n  t h e  RL10A-3-3 o x i d i z e r  pump des ign ,  and rubb ing  between 
t h e  s t a i n l e s s  s t ee l  i n d u c e r  l a b y r i n t h  s e a l s  and t h e  aluminum i n d u c e r  
hous ing  w a s  a normal o c c u r r e n c e .  I n  p rev ious  eng ine  models ,  t h e  R L l O A - 3  
and RLlOA-3-1, t h e  o x i d i z e r  pump d e s i g n  pe rmi t t ed  t h e  i n d u c e r  seals  t o  rub  
a g a i n s t  a carbon l i n e r  i n s e r t e d  i n t o  the i n d u c e r  hous ing .  Th i s  d e s i g n  
w a s  s u c c e s s f u l  , and accumulated more than 250 h o u r s  o f  eng ine  t e s t i n g  
w i t h  no o p e r a t i o n a l  problems.  However, t h e  RL10A-3-3 model o x i d i z e r  pump 
w a s  r e d e s i g n e d  f o r  improved pump performance,  s i m p l i f i c a t i o n ,  and con- 
v e r t i b i l i t y  t o  f l u o r i n e  o p e r a t i o n .  This d e s i g n  d i d  n o t  have t h e  carbon 
i n s e r t  s i n c e  carbon m a t e r i a l  i s  n o t  f l u o r i n e  c o m p a t i b l e .  
The d e c i s i o n  t o  a l l o w  meta l - to-meta l  rubb ing  i n  t h e  i n d u c e r  seal  
a r e a s  w a s  suppor t ed  by f a v o r a b l e  r e s u l t s  from rub t e s t s  i n  l i q u i d  oxygen 
conducted  on a s p e c i a l l y  c o n s t r u c t e d  t e s t  r i g  and o x i d i z e r  pump r i g  t e s t s  
s p e c i f i c a l l y  d i r e c t e d  t o  de t e rmine  induce r - to -hous ing  rubbing  c o m p a t i b i l i t y  
The r u b  t e s t  program on t h e  s p e c i a l  rub r i g  i s  d e s c r i b e d  i n  a t t a c h e d  
Appendix A.  The RL10A-3-3 development engines  have accumulated more than  
53 hour s  of t e s t  t i m e ,  and 140 hour s  of o x i d i z e r  pump r i g  t e s t i n g  w i t h  
t h i s  c o n f i g u r a t i o n  have been completed wi th  no d e t r i m e n t a l  o r  hazardous  
pump o p e r a t i o n  from t h e  induce r - to -hous ing  r u b .  Induce r - to -hous ing  
rubb ing  was expe r i enced  d u r i n g  t h e  major p o r t i o n  of t h i s  t e s t i n g .  A 
t y p i c a l  i nduce r  hous ing  showing t h e  inducer  s ea l  and b l a d e  rubs  i s  shown 
i n  f i g u r e  1 - 2 .  
Although RLlO e x p e r i e n c e  has  been s a t i s f a c t o r y ,  o x i d i z e r  pump f a i l u r e s  
r e s u l t i n g  i n  f i res  have  occur red  i n  o t h e r  pump d e s i g n s .  The f a i l u r e s ,  
a t t r i b u t e d  t o  v a r i o u s  c a u s e s ,  were commonly a s s o c i a t e d  wi th  a m e t a l - t o -  
m e t a l  r u b  i n  t h e  pump. From t h i s  e x p e r i e n c e ,  i t  was b e l i e v e d  p o s s i b l e  
t h a t  a f i r e  cou ld  u l t i m a t e l y  r e s u l t  f r o m  t h e  c o n d i t i o n s  e x i s t i n g  w i t h i n  
t h e  R L l O  o x i d i z e r  pump. E l i m i n a t i o n  of t h e  m e t a l - t o - m e t a l  r u b s  was con- 
s i d e r e d  d e s i r a b l e  f o r  improved r e l i a b i l i t y .  
1 - 2  
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The a c t u a l  NPSH requ i r emen t  f o r  t h e  RLlOA-3-3 o x i d i z e r  pump w a s  
lower t h a n  t h e  minimum eng ine  performance s p e c i f i c a t i o n  r equ i r emen t s .  
T h e r e f o r e ,  i n c r e a s i n g  t h e  i n d u c e r  housing c l e a r a n c e s  a t  t h e  expense  o f  
r a i s i n g  t h e  NPSH requ i r emen t s  n e a r e r  the eng ine  s p e c i f i c a t i o n  l i m i t s  w a s  
c o n s i d e r e d  a prime approach  t o  e l i m i n a t e  t h e  me ta l - to -me ta l  i n d u c e r  r u b s .  
T h i s  w a s  t h e  i n i t i a l  p l a n  f o r  t h e  program. 
Dur ing  t h i s  c l e a r a n c e  change program, two f i r e s  occur red  on e x p e r i -  
menta l  o x i d i z e r  pump t e s t  r i g s .  A s  a r e s u l t ,  a s e p a r a t e  t e s t  program 
was conducted  t o  de t e rmine  t h e  o r i g i n  of t h e s e  f i r e s .  R e s u l t s  of t h i s  
program showed t h a t  w i t h  i n c r e a s e d  induce r - to -hous ing  c l e a r a n c e ,  a n  
i n c r e a s e d  d i a m e t e r  i m p e l l e r ,  and pump o p e r a t i o n  i n  deep  c a v i t a t i o n ,  
s h a f t  and hous ing  d e f l e c t i o n s  l a r g e  enough t o  pe rmi t  t h e  f r o n t  s i d e  of 
t h e  pump i m p e l l e r  t o  r u b  a g a i n s t  t h e  i n d u c e r  hous ing  can  o c c u r ,  and 
t h a t  such rubb ing  can  r e s u l t  i n  a f i r e .  A f i r e  was i n i t i a t e d  d u r i n g  a 
s p e c i a l  t e s t  i n  which t h e  i m p e l l e r  f r o n t  s i d e - t o - h o u s i n g  c l e a r a n c e  was 
s e t  a t  a reduced v a l u e  ( o u t s i d e  drawing t o l e r a n c e s )  t o  p e r m i t  rubbing  
t o  o c c u r .  F i r e s  cou ld  n o t  be  s t a r t e d  from e x c e s s i v e  induce r  l a b y r i n t h  
s e a l  o r  b l a d e  r u b s .  
An i n d u c e r  and i n d u c e r  hous ing  des ign  w a s  e s t a b l i s h e d  t h a t  s a t i s f i e d  
t h e  o r i g i n a l  program o b j e c t i v e s  w i t h  no l o s s  i n  pump performance.  Th i s  
d e s i g n  i n c o r p o r a t e d  a ca rbon  i n s e r t  i n  t h e  i n d u c e r  hous ing  t o  p rov ide  a n  
a b r a d a b l e  r u b  s u r f a c e  f o r  t h e  induce r  l a b y r i n t h  s e a l s .  The i m p e l l e r  f r o n t  
s i d e - t o - h o u s i n g  c l e a r a n c e  w a s  i nc reased  t o  p rov ide  a d d i t i o n a l  i m p e l l e r -  
t o - h o u s i n g  c l e a r a n c e  margin.  Also,  t h e  i n d u c e r  b l ade - to -hous ing  c l e a r a n c e  
and t h e  induce r  shroud- to-hous ing  a x i a l  c l e a r a n c e  were i n c r e a s e d .  
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SECTION I1 
TECHNICAL DISCUS S I O N  
A .  DESCRIPTION OF TEST EQUIPMENT 
A l l  t e s t i n g  was performed on o x i d i z e r  pump t e s t  s t a n d  B - 1 7 .  This  t e s t  
s t a n d ,  shown i n  f i g u r e  11-1, c o n s i s t e d  of a n  e l e c t r i c  d r i v e  motor w i th  a 
r e d u c t i o n  gearbox and dynamic d r i v e  connected,  th rough a t o r q u e  measur ing 
d e v i c e ,  d i r e c t l y  t o  t h e  o x i d i z e r  pump s h a f t .  The pumped f l u i d ,  l i q u i d  
oxygen o r  l i q u i d  n i t r o g e n ,  w a s  s u p p l i e d  t o  t h e  r i g  from an  i n s u l a t e d  
s t o r a g e  t a n k .  A b o o s t  pump ups t ream of the  t es t  pump i n l e t  p r o v i d e s  f o r  
c i c u i a t i n g  l i q u i d  from t h e  s t o r a g e  t ank  through t h e  pump and back t o  t h e  
t a n k  f o r  c o o l i n g  t h e  r i g  and s t a n d  system and a l s o  p r o v i d e s  t h e  s e l e c t e d  
o x i d i z e r  pump i n l e t  p r e s s u r e .  
r e t u r n e d  t o  t h e  p r o p e l l a n t  s u p p l y  t ank .  The o x i d i z e r  pump s p e e d ,  f low,  
and i n l e t  and d i s c h a r g e  c o n d i t i o n s  were a l l  manual ly  c o n t r o l l e d .  A 
schemat i c  of t h i s  sys t em i s  shown i n  f i g u r e  11-2 .  
The o x i d i z e r  pump d i s c h a r g e  f low was 
The s t a n d a r d  t e s t  o x i d i z e r  pumps were RL10A-3-3 p a r t s  l i s t  pumps 
adap ted  t o  t h e  t e s t  s t a n d  d r i v e  sys tem by r ep lacemen t  of t h e  o x i d i z e r  
elbow hous ing  w i t h  a t e s t  a d a p t e r  housing.  F i g u r e  11-3 shows a c r o s s -  
s e c t i o n a l  view of t h e  RL10A-3-3 o x i d i z e r  pump. A view o f  a pump mounted 
i n  t h e  t e s t  s t a n d  is  shown i n  f i g u r e  11-4. I n  a d d i t i o n ,  an  o x i d i z e r  
pump r i g ,  B71C005, was s p e c i f i c a l l y  designed t o  p r o v i d e  c o n t r o l l e d  r a d i a l  
movement of  t h e  o x i d i z e r  pump s h a f t  du r ing  pump o p e r a t i o n  t o  f o r c e  heavy 
i n d u c e r  l a b y r i n t h  s e a l - t o - h o u s i n g  r u b s .  T h i s  w a s  accomplished by con- 
t a i n i n g  t h e  t h r u s t  b e a r i n g  s u p p o r t  i n  a movable yoke.  A drawing of  t h i s  
r i g  i s  p r e s e n t e d  i n  f i g u r e  11-5.  The yoke p o s i t i o n  and movement were 
c o n t r o l l e d  by a s h a f t  d r i v e n  by a n  a i r  c y l i n d e r  w i t h  a p p r o p r i a t e  s t o p s ,  
a s  s e e n  i n  f i g u r e  11-6.  Rad ia l  movement of  t h e  yoke and b e a r i n g  fo rced  
the  induce r  i n t o  heavy rubb ing  on t h e  housing bo re .  R a d i a l  l oads  up t o  
1500 l b  could  be  a p p l i e d  t o  the  b e a r i n g  s u p p o r t  w i t h  t h e  a i r  c y l i n d e r .  
F i g u r e  1 1 - 7  shows a t y p i c a l  pump i n s t a l l a t i o n  i n  t h e  c ryogen ic  t es t  s t a n d .  
Two s e p a r a t e  programs were a c t u a l l y  conducted ; t h e r e f o r e  , t h e  t e c h n i c a l  
d i s c u s s i o n  w i l l  be  d i v i d e d  i n t o  two p a r t s ,  each  p a r t  d e s c r i b i n g  one o f  
t h e  s t a t e d  o b j e c t i v e s .  
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F i g u r e  11-6. a10 O x i d i z e r  Pump S h a f t  
D e f l e c t i o n  R ig  
FD 18360 




F i g u r e  11-7. RLlO O x i d i z e r  Pump R i g  B71C005 FD 18365 
Mounted i n  T e s t  Stand 
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B. O X I D I Z E R  PUMP I N D U C E R  CLEARANCE PROGRAM 
T h i s  program c o n s i s t e d  o f  a ser ies  of o x i d i z e r  pump t e s t s  t o  de t e rmine  
t h e  e f f e c t  on pump head r i s e  and i n l e t  n e t  p o s i t i v e  s u c t i o n  p r e s s u r e  (NPSP) 
o f  i n c r e a s i n g  t h e  i n d u c e r  l a b y r i n t h  s e a l - t o - h o u s i n g  and b l ade - to -hous ing  
c l e a r a n c e s  , and t o  e s t a b l i s h  t h e  minimum c l e a r a n c e s  r e q u i r e d  t o  e l i m i n a t e  
rubb ing  . 
The minimum pump NPSP r e q u i r e m e n t ,  by d e f i n i t i o n ,  is  t h e  minimum pump 
i n l e t  p r e s s u r e  above t h e  vapor  p r e s s u r e  o f  t he  pumped f l u i d  a t  which t h e  
pump p r e s s u r e  r i se  i s  no less  t h a n  97% of t h e  v a l u e  a t  h i g h  NPSP l e v e l s .  
I n  t h i s  r e p o r t  a d e c r e a s e  i n  head r i s e  a t  f i x e d  speed  and f low w i l l  b e  
termed " c a v i t a t i o n . "  Thus t h e  minimum NPSP i s  de te rmined  a t  t h e  p o i n t  
t h a t  t h e  pump i s  3% i n  c a v i t a t i o n  o r  3% below t h e  normal head r i se  f o r  
t h e  p a r t i c u l a r  speed and f low c o n d i t i o n s .  The RL10A-3-3 o x i d i z e r  pump 
minimum NPSP r e q u i r e m e n t ,  e s t a b l i s h e d  from b o t h  r i g  and e n g i n e  d a t a ,  a t  
a speed  o f  11 ,700  rpm and 192 gpm f low,  i s  3 . 6  p s i d ,  a s  shown i n  f i g -  
u r e  11-8, which i s  c o n s i d e r a b l y  below the  e n g i n e  s p e c i f i c a t i o n  minimum 
o f  8 p s i d .  T h i s  i s  t h e  nominal speed  and f low r a t e  d u r i n g  e n g i n e  o p e r a t i o n  
a t  a mix tu re  r a t i o  o f  5 . 6 .  Dur ing  t h e  p r e v i o u s  development  programs,  t e s t s  
w e r e  conducted  a t  pump s p e e d s  o f  11,000 and 12 ,000  rpm, and a t  f low rates  
o f  175 ,  185 ,  and 192 gprn, c o v e r i n g  t h e  eng ine  r e q u i r e m e n t s .  F o r  t h e  s u b j e c t  
program one speed  and one f low p o i n t  was c o n s i d e r e d  s u f f i c i e n t  t o  d e t e r m i n e  
t h e  compara t ive  performance of  a m o d i f i c a t i o n .  The s e l e c t e d  compari son con- 
d i t i o n  w a s  11,000 rpm and 185 gprn. A t a b u l a t i o n  o f  t h e  t es t s  performed 
i n  t h i s  and t h e  f i r e  i n v e s t i g a t i o n  program are summarized i n  t a b l e  1. 
The RL10A-3-3 o x i d i z e r  pump p a r t s  l i s t  induce r - to -hous ing  l a b y r i n t h  
seal  and b l a d e  nominal d i a m e t r i c a l  c l e a r a n c e s  w e r e  0 ,010  and 0.040 i n . ,  
r e s p e c t i v e l y .  (Throughout t h i s  r e p o r t  a l l  c l e a r a n c e s  w i l l  be d i a m e t r i c a l  
u n l e s s  o t h e r w i s e  s p e c i f i e d . )  F o r  t h e  f i r s t  t h r e e  t e s t s  t h e  l a b y r i n t h  
sea l  c l e a r a n c e s  were opened t o  0 .020 ,  0 .050,  and 0.080 i n . ,  r e s p e c t i v e l y ,  
and t h e  b l a d e  c l e a r a n c e  was h e l d  c o n s t a n t  a t  0.040 i n .  ( r i g  B71C003, 
t e s t s  1 ,  2 ,  and 3 i n  t a b l e  1). The t e s t  r e s u l t s ,  p r e s e n t e d  i n  f i g u r e  1 1 - 9 ,  
show t h a t  t h e  NPSP requ i r emen t  w a s  s i g n i f i c a n t l y  i n c r e a s e d  w i t h  i n c r e a s e d  
c l e a r a n c e .  The NPSP s p e c i f i c a t i o n  l i m i t  o f  8 p s i d  w a s  exceeded above 
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0 .035  i n .  i n d u c e r  l a b y r i n t h  seal  c l e a r a n c e .  Although some seal  rubb ing  
was s t i l l  e v i d e n t  a t  c l e a r a n c e s  g r e a t e r  t han  0 .035  i n . ,  t h e  r i g  program 
w a s  con t inued  t o  d e t e r m i n e  i f  rub  c o n d i t i o n s  i n  t h e  r i g  were t h e  same 
as  i n  t h e  eng ine  and t o  d e f i n e  a c o n f i g u r a t i o n  f o r  eng ine  t e s t .  
S i n c e  i n d u c e r  b l a d e  rubb ing  w a s  a l so  obse rved ,  t h e  b l a d e  c l e a r a n c e  
For  t h i s  t e s t ,  r i g  B71C003, w a s  i n c r e a s e d  t o  0.050 i n .  f o r  t h e  next  t es t .  
t e s t  4 ,  t h e  0 .050- in .  b l a d e  c l e a r a n c e  was combined w i t h  a l a b y r i n t h  seal 
c l e a r a n c e  of  0 .030  i n .  t o  m a i n t a i n  NPSP s p e c i f i c a t i o n  l i m i t .  The NPSP 
r e q u i r e m e n t ,  i n s t e a d  o f  s l i g h t l y  i n c r e a s i n g  a s  e x p e c t e d ,  w a s  reduced t o  
2 .5  p s i d ,  a s  shown i n  t e s t  4 ,  f i g u r e  11-10. 
t e s t s  5 and 6 ,  e x c e p t  t h e  l a b y r i n t h  s e a l  c l e a r a n c e  w a s  i n c r e a s e d  t o  0 .040 i n .  
T h i s  change i n  t h e  seal  c l e a r a n c e  produced a n  e f f e c t  t h a t  p a r a l l e l e d  t h e  
o r i g i n a l  l a b y r i n t h  seal c l e a r a n c e  cu rve .  F u r t h e r  t e s t i n g  w i t h  b l a d e  c l e a r -  
a n c e s  o f  0.060 and 0.070 i n . ,  r i g  B71C003, t e s t s  7 th rough 9 ,  f i g u r e  11-10, 
v e r i f i e d  t h a t  t h e  NPSP requ i r emen t  w a s  s e n s i t i v e  t o  t h e  b l a d e - i n d u c e r  
c l e a r a n c e  match. 
a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  i n d u c e r  leakage p a s t  t h e  l a b y r i n t h  s e a l s  t h a t  
changed t h e  p r e - s w i r l  forward of t h e  inducer and improved t h e  f l u i d  i n c i d e n c e  
a n g l e  i n t o  t h e  i n d u c e r  b l a d i n g .  The improved NPSP e f f e c t  on t h e  pump 
reached a n  optimum between a b l a d e  c l e a r a n c e  of 0.060 and 0.070 i n .  
The t e s t  was r e p e a t e d ,  r i g  B71C003, 
T h i s  c h a r a c t e r i s t i c  o f  t h e  pump NPSP performance was 
Compromises between i n d u c e r  l a b y r i n t h  s e a l  and b l a d e  c l e a r a n c e s  were 
i n v e s t i g a t e d .  A minimum i n d u c e r  s e a l  and b l a d e  c l e a r a n c e  o f  0 .040  and 
0.050 i n . ,  r e s p e c t i v e l y ,  w a s  n e c e s s a r y  t o  m a i n t a i n  an  adequa te  NPSP r e q u i r e -  
ment. However, t e s t  r e s u l t s  showed t h a t  t h e  0 .040- in .  l a b y r i n t h  seal  c l e a r -  
ance  would n o t  e l i m i n a t e  t h e  me ta l - to -me ta l  r u b s .  The induce r  sea l  r u b  
w i t h  t h e  i n c r e a s e d  inducer  c l e a r a n c e  was as  s e v e r e  a s  w i t h  t h e  o r i g i n a l  
c l o s e  c l e a r a n c e .  The h e a v i e s t  c o n t a c t  a r e a  w a s  always o r i e n t e d  i n  a n  
a r c  nomina l ly  f 6 0  degrees  o p p o s i t e  the c u t w a t e r  i n  t h e  i m p e l l e r  hous ing ,  
a l t h o u g h  360-degree rubs  i n  t h e  induce r  hous ing  were a t  t i m e s  obse rved .  
The o r i e n t a t i o n  of t h e  c o n t a c t  a r e a  was c o n s i s t e n t  w i t h  t h e  unsymmetr ica l  
l o a d i n g  of t h e  inducer  and i m p e l l e r  caused by t h e  v a r y i n g  p r e s s u r e  l e v e l s  
e x i s t i n g  around t h e  i m p e l l e r  p e r i p h e r y .  The pump s h a f t  was d e f l e c t i n g  
r a d i a l l y ,  and a s  t h e  sea l  c l e a r a n c e s  were i n c r e a s e d  t h e  pump s h a f t  de- 
f l e c t e d  f u r t h e r .  The l a b y r i n t h  s e a l s  rubbing a g a i n s t  t h e  induce r  hous ing  
had been a c t i n g  a s  a b e a r i n g  and prevented  f u r t h e r  s h a f t  d e f l e c t i o n .  
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The o x i d i z e r  pump head r ise  w a s  a l s o  dec reased  approx ima te ly  2% be- 
cause  o f  t h e  i n c r e a s e d  r e c i r c u l a t i o n  wi th  i n c r e a s e d  seal  c l e a r a n c e .  With 
a h i g h  eng ine  m i x t u r e  r a t i o ,  t h e  l o s s  i n  t h e  head r i s e  was g r e a t e r  than  
t o l e r a b l e  f o r  s a t i s f a c t o r y  eng ine  o p e r a t i o n .  The o x i d i z e r  i m p e l l e r  d i a -  
me te r  was t h e r e f o r e  i n c r e a s e d  0.10 i n .  to  4 . 3 0  i n .  f o r  t h e  n e x t  t e s t  
i n c r e a s i n g  t h e  head  r i s e  approx ima te ly  5%. 
The planned o b j e c t i v e s  of t h e  n e x t  pump t e s t s ,  r i g  B71C003, t es t s  10, 
11, and 1 2  ( t a b l e  I I - l ) ,  were t o  de te rmine :  
1. The pump NPSP c h a r a c t e r i s t i c s  with sea l  and b l a d e  c l e a r a n c e s  
of  0.040 and 0.050 i n . ,  r e s p e c t i v e l y  
2 .  Pump head r i s e  w i t h  t h e  4 . 3 0 - i n .  d i ame te r  i m p e l l e r  
3 .  The e f f e c t  of an e c c e n t r i c  i nduce r - to -hous ing  c l e a r a n c e .  
The e c c e n t r i c  c l e a r a n c e  was s e t  by  machining a n  e c c e n t r i c  opening  i n  
t h e  induce r  hous ing  o f f s e t  i n  t h e  d i r e c t i o n  of maximum induce r  rubb ing .  
This  i n c r e a s e d  t h e  r a d i a l  s e a l  and b l ade  c l e a r a n c e  on one s i d e  and r e t a i n e d  
t h e  p a r t s  l i s t  c l e a r a n c e  on t h e  o p p o s i t e  s i d e  p r o v i d i n g  t h e  needed l o c a l  
c l e a r a n c e  t o  compensate f o r  t h e  s h a f t  d e f l e c t i o n  w i t h o u t  l o s i n g  the nec -  
e s s a r y  c l o s e  c l e a r a n c e s  e s s e n t i a l  f o r  NPSP performance.  
There  was no b l a d e  o r  l a b y r i n t h  s e a l  r u b  on t e s t  1 0  w i t h  s e a l -  and b l a d e -  
t o -hous ing  c l e a r a n c e s  of 0.040 i n .  and 0.050 i n .  r e s p e c t i v e l y .  T e s t  11 w a s  a 
r e p e a t  of  t e s t  1 0  excep t  t h a t  t h e  4 .33 - in .  d i ame te r  i m p e l l e r  w a s  i n s t a l l e d .  
Th i s  t e s t  w a s  t e r m i n a t e d ,  a f t e r  27 minutes  d u r a t i o n ,  by a f a i l u r e  r e s u l t i n g  
i n  a f i r e .  The pump w a s  o p e r a t i n g  a t  a speed o f  11 ,000  rpm, f lowing  
185 gpm, and w a s  approx ima te ly  12% i n  c a v i t a t i o n .  This w a s  t h e  f i r s t  
ser ies  o f  c a v i t a t i o n  p o i n t s  i n  t h i s  t e s t  t aken  t o  d e t e r m i n e  t h e  minimum 
NPSP requ i r emen t .  No a b n o r m a l i t i e s  were no ted  b e f o r e  t h e  f i r e  w a s  ob- 
s e r v e d .  Genera l  views of t h e  f a i l u r e  can be  s e e n  i n  f i g u r e s  11-11, 11-12,  
11-13,  and 11-14. The i n i t i a l  i n v e s t i g a t i o n  concluded  t h a t  t h e  p robab le  
c a u s e  of  t h e  f a i l u r e  w a s  a r e s u l t  of a f a i l e d  f r o n t  be l lows  s e a l  r u b  p l a t e  
shown i n  f i g u r e  11-15. The r u b  p l a t e  was a development p a r t  made of 
Kentanium m a t e r i a l  be ing  t e s t e d  as a p a r t  of t h e  s h a f t  s ea l  development 
program. This  i n i t i a l  c o n c l u s i o n ,  however , became q u e s t i o n a b l e  when i n  
t e s t  1 2  o f  r i g  B71C003 a r e p e a t  f a i l u r e  occur red  a f t e r  comple t ing  1.27 
hour s  o f  t e s t i n g .  The Kentanium rub  p l a t e  had been  r e p l a c e d  w i t h  t h e  
11-16 
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p a r t s  l i s t  rub p l a t e  f o r  t h i s  t e s t .  T h i s  second f a i l u r e  occur red  a f t e r  
t h e  t h i r d  NPSP d a t a  run had been completed.  The pump, r e c o v e r i n g  from a 
35% c a v i t a t i o n  p o i n t ,  w a s  o p e r a t i n g  a t  a speed  o f  12 ,000  rpm and a f low 
o f  185 gpm. Again no pump a b n o r m a l i t i e s  w e r e  observed  b e f o r e  t h i s  f a i l u r e .  
Genera l  views of  t h e  f a i l e d  pump a r e  shown i n  f i g u r e s  11-16 ,  1 1 - 1 7 ,  11-18,  
and 11-19.  
With t h e  a d v e n t  of  t h e  two f i r e s  i t  became e s s e n t i a l  t o  i n v e s t i g a t e  
t h e s e  f a i l u r e s  b e f o r e  any f u r t h e r  approaches t o  t h e  induce r - to -hous ing  
me ta l - to -me ta l  rub  problem could  be under taken .  
C .  O X I D I Z E R  PUMP FAILURE INVESTIGATION 
A n a l y s i s  o f  t h e  f a i l e d  pumps i n d i c a t e d  t h a t  a f i r e  could have o r i g i n a t e d  
i n  t h e  i m p e l l e r  o r  i n d u c e r  a r e a ,  o r  p o s s i b l y  from a f a i l e d  i m p e l l e r  hous ing  
c u t w a t e r .  The i n i t i a l  i n v e s t i g a t i o n  revea led  s i m i l a r i t i e s  between both  
f a i l u r e s  as  l i s t e d  below: 
1. Both f i r e s  occur red  w h i l e  t h e  pumps were o p e r a t i n g  i n  
c a v i t a t i o n  
2 .  Induce r - to -hous ing  c l e a r a n c e s  were i n c r e a s e d  i n  bo th  pumps 
3 .  An i n c r e a s e d  d i a m e t e r  i m p e l l e r  w a s  i n c o r p o r a t e d  t h a t  reduced 
t h e  i m p e l l e r - t o - h o u s i n g  r ad ia l  c l e a r a n c e  from 0.100 t o  
0.045 i n .  
E x t e n s i v e  e x p e r i e n c e  h a s  been accumulated on RL10A-3-3 o x i d i z e r  pumps 
runn ing  i n  c a v i t a t i o n .  
been completed w i t h  no d e t r i m e n t a l  pump e f f e c t s  excep t  f o r  s l i g h t  e r o s i o n  
o f  t h e  i m p e l l e r  hous ing  c u t w a t e r .  However, o x i d i z e r  pump t e s t i n g  w i t h  
i n c r e a s e d  i n d u c e r  c l e a r a n c e s  and inc reased  d i a m e t e r  i m p e l l e r s  w a s  l i m i t e d .  
More than  1 8 . 6  hour s  of  c a v i t a t i n g  pump o p e r a t i o n  had 
An ins t rumen ted  o x i d i z e r  pump w a s  assembled t o  t h e  same c o n f i g u r a t i o n  
and runn ing  c l e a r a n c e s  as  t h e  f i r s t  pump t h a t  f a i l e d .  T e s t s  w e r e  conducted 
a t  c o n d i t i o n s  e q u i v a l e n t  t o  those  exper ienced  by t h e  f a i l e d  pumps excep t  t h a t  
t h e  pumped f l u i d  w a s  n i t r o g e n  r a t h e r  than oxygen. 
t e s t s  w e r e  t o  de t e rmine  t h e  fo l lowing :  
The pu rposes  of  t h e s e  
1. The magnitude o f  pump d i scha rge  p r e s s u r e  f l u c t u a t i o n s  due  t o  
reduced i m p e l l e r - t o - c u t w a t e r  r a d i a l  c l e a r a n c e  r e s u l t i n g  from 
t h e  l a r g e  i m p e l l e r ,  a s  compared t o  t h e  p a r t s  l i s t  i m p e l l e r  
2 .  The l o c a t i o n  o f  any r u b s  o c c u r r i n g  d u r i n g  o p e r a t i o n  i n  deep 
pump c a v i t a t i o n .  
1 1 - 1 7  
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Th i s  program was conducted on r i g  B71C003, t es t s  13 through 16 ,  
t a b l e  11-1 , and t h e  r e s u l t s  were :  
1. The peak-to-peak pump d i s c h a r g e  p r e s s u r e  f l u c t u a t i o n  was 100 
t o  160 p s i  a t  t h e  6 t h  o r d e r  of pump speed w i t h  t h e  i n c r e a s e d  
d i a m e t e r  i m p e l l e r  a s  compared t o  1 0  t o  50 p s i  a t  t h e  2nd 
o r d e r  o f  pump speed  w i t h  t h e  p a r t s  l i s t  i m p e l l e r .  Dur ing  
c a v i t a t i o n ,  t h e  magnitude o f  the p r e s s u r e  f l u c t u a t i o n s  de-  
c r e a s e d  f o r  b o t h  c o n f i g u r a t i o n s .  The pump t e s t e d  w i t h  t h e  
i n c r e a s e d  d i a m e t e r  i m p e l l e r  was r u n  f o r  a d u r a t i o n  exceed ing  
t h e  t i m e  accumulated on e i t h e r  f a i l e d  pump and no ev idence  
o f  e r o s i o n  o r  c r a c k i n g  i n  t h e  cu twater  areas w a s  found. 
Thus , t h e  h i g h  f r equency ,  h i g h  p r e s s u r e  p u l s a t i o n s  o r i g i n a t i n g  
from t h e  i m p e l l e r  b l a d i n g  were not  d e t r i m e n t a l  t o  t h e  c u t -  
water  i n  t h e s e  t es t s .  However, r e s u l t s  may d i f f e r  f o r  opera-  
t i o n  w i t h  l i q u i d  oxygen because o f  t h e  a t t e n d a n t  h i g h e r  
d e n s i t y .  
2 .  I n d u c e r  l a b y r i n t h  seal  and forward b l a d e  r u b s  r e s u l t e d  from 
t h e  above t e s t s ,  which inc luded  deep  c a v i t a t i o n  r u n s  t o  40%. 
There  w e r e  no i m p e l l e r  r u b s .  Contac t  between t h e  i n d u c e r  
and induce r  hous ing  w a s  s i m i l a r  t o  t h a t  observed  d u r i n g  p re -  
v i o u s  eng ine  and r i g  pump t e s t i n g  as s e e n  i n  f i g u r e s  11-20,  
th rough 11-22. 
The r i g  w a s  n e x t  t e s t e d  w i t h  a p a r t s  l i s t  i m p e l l e r  i n  deep  c a v i t a t i o n ,  
pumping l i q u i d  oxygen, to  de t e rmine  i f  a f i r e  could  b e  s t a r t e d  from a heavy 
induce r  b l ade - to -hous ing  rub .  A heavy r u b  w a s  expec ted  s i n c e  no b e a r i n g  
s u p p o r t  t o  p reven t  s h a f t  d e f l e c t i o n  would be o b t a i n e d  from t h e  l a b y r i n t h  
s e a l s - t o - h o u s i n g  r u b .  A h i g h  c l e a r a n c e  (0.180 i n . )  was s e t  between 
t h e  l a b y r i n t h  seals  and t h e  hous ing  t o  p r e v e n t  rubb ing  i n  t h i s  area;  any  
rubbing  would be  t h e  i n d u c e r  b l a d i n g  on t h e  hous ing .  No f i r e s  occur red  
d u r i n g  r epea ted  t e s t  r u n s  w i t h  t h e  b lade  c l e a r a n c e  i n i t i a l l y  se t  a t  
0.010 i n .  and t h e  pump o p e r a t i n g  a t  the 40% c a v i t a t i o n  l e v e l s .  Dur ing  
t h e s e  t e s t s ,  t h e  i n d u c e r  b l a d i n g  wore approx ima te ly  0.033 i n . ,  which w a s  
g r e a t e r  than  any p r e v i o u s  e x p e r i e n c e .  
1 1 - 2 7  
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F i g u r e  11-22.  RL10A-3-3 O x i d i z e r  Pump I n d u c e r  FD 18357 
Hous ing  ( R i g  B71C003-16) 
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Pump tes t s  were a l s o  conducted  on s p e c i a l  r u b  r i g ,  B71C005, shown on 
f i g u r e  11-5 w i t h  heavy induce r  l a b y r i n t h  s e a l - t o - h o u s i n g  r u b s .  A wide b l a d e  
c l e a r a n c e  o f  0.140 i n .  w a s  s e t  t o  prevent  rubb ing  i n  t h e  b l a d e  a rea .  I n  
t h e s e  r u n s  t h e  i n d u c e r  w a s  fo rced  a g a i n s t  t h e  i n d u c e r  hous ing  w i t h  a 1000- lb  
l o a d  a p p l i e d  r a d i a l l y  a t  t h e  t h r u s t  b e a r i n g  s u p p o r t .  Again no f i r e  was 
produced.  L a b y r i n t h  seal  grooves  t o  the  dep th  of  0.014 i n .  w e r e  worn i n t o  
t h e  hous ing  a s  can be  seen  i n  f i g u r e  11-23. 
The e x t e n s i v e  p a s t  e x p e r i e n c e  w i t h  l a b y r i n t h  s e a l  and i n d u c e r  b l a d i n g  
r u b s ,  i n  a d d i t i o n  t o  t h e  r e s u l t s  from the above t e s t s ,  i n d i c a t e d  t h a t  
f r i c t i o n a l  h e a t  r e s u l t i n g  from a n  inducer  sea l  o r  b l a d e  rub  would no t  
i nduce  a f i r e .  S u f f i c i e n t  c o o l i n g  i s  a v a i l a b l e  from t h e  l i q u i d  oxygen 
p r e v e n t i n g ,  i n  t h e  rubbed area,  a tempera ture  r i s e  h igh  enough t o  s u s t a i n  
combust i o n .  
The o b j e c t i v e  of t h e  n e x t  t e s t  s e r i e s  was t o  de t e rmine  i f  an  i m p e l l e r  
rub  was t h e  o r i g i n  of t h e  pump f a i l u r e s .  To induce  rubb ing  t h e  i m p e l l e r -  
t o -hous ing  a x i a l  c l e a r a n c e s ,  forward  and  a f t ,  were reduced a s  d e s c r i b e d  
below,  The t e s t  f l u i d  was l i q u i d  i-~xygsa. The 3 -  LdLLLLL I I - O V  o l n i r i n ~ n  L L C U L U  ..-- ~ ~ 7 1 9  .._I
i n c r e a s e d  t o  p r e c l u d e  inducer  rubbing .  Tests were conducted w i t h  t h e  
r e a r  s i d e  i m p e l l e r  a x i a l  c l e a r a n c e  reduced from 0.069 t o  0.033 i n .  and 
t h e n  f u r t h e r  reduced t o  0.014 i n .  No rubbing  occur red  a f t e r  pump o p e r a t i o n  
t o  t h e  40% c a v i t a t i o n  l e v e l .  The i m p e l l e r  forward ax ia l  c l e a r a n c e  w a s  
t hen  set  t o  a minimum o f  0.027 i n .  A f t e r  40 minutes  o f  pump o p e r a t i o n ,  
d u r i n g  t h e  second c a v i t a t i o n  r u n ,  a f i r e  d i d  o c c u r .  The c l e a r a n c e  condi -  
t i o n s  were such t h a t  t h e  i m p e l l e r  i n n e r  f r o n t  c o n t o u r  could  r u b  t h e  i n d u c e r  
hous ing  i f  t h e r e  w a s  r a d i a l  d e f l e c t i o n  of  t h e  s h a f t .  The r e s u l t i n g  f i r e  
w a s  s imi l a r  t o  t h e  two p rev ious  f i r e s ,  and t h e  pump p a r t s  a r e  shown i n  f i g -  
u r e s  11-24 through 11-26. It was s i g n i f i c a n t  t h a t  t h e  o x i d i z e r  pump 
t h r u s t  b e a r i n g  r a n  i n  t h e  forward r a t h e r  t han  t h e  no rma l ly  r e a r  d i r e c t i o n ,  
t h u s  f u r t h e r  r educ ing  t h e  forward impe l l e r  c l e a r a n c e  by approx ima te ly  
0.017 i n .  The b e a r i n g  had a l s o  run  i n  t h e  forward p o s i t i o n  on t h e  two 
p rev ious  pump f i r e s ,  i n d i c a t i n g  t h a t  e i t h e r  an  o v e r s i z e d  i m p e l l e r  o r  
reduced  i m p e l l e r  sh roud- to -hous ing  f r o n t  s i d e  c l e a r a n c e  would r e v e r s e  t h e  
pump t h r u s t  l oad .  The f i r e s  cou ld  have been caused  by impe l l e r - to -hous ing  
rubs  because  o f  r e v e r s e d  t h r u s t  load  combined w i t h  s h a f t  and hous ing  
d e f l e c t i o n s .  
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F i g u r e  11-23. RL10A-3-3 O x i d i z e r  Pump I n d u c e r  FD 18341 
Hous ing  (Rig B71C005-3A) 
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D u p l i c a t e  t e s t s ,  r i g  B71C003, t e s t s  22  th rough 24,  were conducted w i t h  
l i q u i d  n i t r o g e n  t o  r e p e a t  t h e  above c o n d i t i o n s  w i t h  s t a n d a r d  i m p e l l e r  c l e a r -  
ances  i n  a n  a t t e m p t  t o  induce impe l l e r - to -hous ing  r u b  w i t h o u t  a n  a t t e n d a n t  
f i r e .  These t e s t s  d i d  n o t  produce an  i m p e l l e r  rub .  However d u r i n g  t h e  
i n i t i a l  t e s t i n g  of  o x i d i z e r  pump s h a f t  d e f l e c t i o n  r i g ,  B71C005, f i g u r e  11-5 
and t e s t  1, t a b l e  11-1, i n  l i q u i d  n i t r o g e n  a n  i m p e l l e r  r u b  was expe r i enced .  
The pump c o n f i g u r a t i o n  i n c l u d e d  a p a r t s  l i s t  i m p e l l e r  and opened i n d u c e r  
c l e a r a n c e s .  The i m p e l l e r - t o - h o u s i n g  forward a x i a l  c l e a r a n c e  w a s  0.056 i n .  
and t h e  induce r  b l a d e  and l a b y r i n t h  d i a m e t r i c a l  c l e a r a n c e s  were 0.230 i n .  and 
0.200 i n . ,  r e s p e c t i v e l y ,  t o  e n s u r e  no  c o n t a c t  w i t h  t h e  induce r  hous ing .  The 
pump was r e c o v e r i n g  from a r u n  i n  deep c a v i t a t i o n ,  and t h e  pump s h a f t  (mov- 
a b l e  i n  t h i s  r i g )  was i n  i t s  c e n t e r  o r  p a r t s  l i s t  p o s i t i o n ,  when t h e  i m p e l l e r  
rub  was a u d i b l y  d e t e c t e d .  The forward f a c e  of the  i m p e l l e r  shroud had rubbed 
t h e  induce r  hous ing  a s  shown i n  f i g u r e  11-27. No f i r e  r e s u l t e d  s i n c e  t h e  
pumped f l u i d  was l i q u i d  n i t r o g e n .  It should  be n o t e d  t h a t  s i m i l a r  o p e r a t i n g  
c o n d i t i o n s  e x i s t e d  p r i o r  t o  t h e  prev ious  o x i d i z e r  pump f i r e s ,  and t h i s  rub  
r e s u l t e d  from t h e  same s i t u a t i o n  as  p r e v i o u s l y  d e s c r i b e d .  T h i s  t e s t  demon- 
s t r a t e d  t h a t  a n  i m p e l l e r - t o - h o u s i n g  rub w a s  p o s s i b l e  and could  have caused 
t h e  p r e v i o u s  pump f i r e s .  
A d e s i g n  s t u d y  of t h e  t o l e r a n c e s  a f f e c t i n g  t h e  i m p e l l e r - t o - h o u s i n g  a x i a l  
c l e a r a n c e  w a s  i n i t i a t e d  t o  de te rmine  the c a u s e  of t h i s  rub  and t o  de t e rmine  
i f  t h i s  r u b  cou ld  have  occur red  on t h e  p rev ious  f i r e s .  R e s u l t s  of t h i s  s t u d y  
are  d e s c r i b e d  f o r  t h e  f i r s t  f i r e  and a r e  r e p r e s e n t a t i v e  of  s t u d y  r e s u l t s  f o r  
each f i r e .  Fo r  t h e  f i r s t  pump f i r e  the i m p e l l e r - t o - h o u s i n g  forward c l e a r a n c e  
w a s  measured t o  be 0.051 i n .  a t  t h e  i m p e l l e r  OD. The d e s i g n  s t u d y  showed 
t h a t  t h e  minimum c l e a r a n c e  d i d  n o t  occur a t  t h e  i m p e l l e r  t i p ,  b u t  was l o c a t e d  
a l o n g  t h e  i m p e l l e r  con tour  nea r  t h e  bore .  
w i t h  t h e  o x i d i z e r  pump r o t o r  runn ing  i n  t h e  normal rearward  p o s i t i o n  on t h e  
t h r u s t  b e a r i n g .  
t h r u s t  b e a r i n g  as  de termined  from i n s p e c t i o n  o f  t h e  b e a r i n g  and t h i s  reduced  
t h e  c l e a r a n c e  t o  0.022 i n .  R a d i a l  and a x i a l  t he rma l  growths of t h e  pump s h a f t  
and hous ing  lowered t h i s  c l e a r a n c e  a n  a d d i t i o n a l  0.004 i n .  The a v e r a g e  s h a f t -  
t o -hous ing  s t a c k u p  c o n c e n t r i c i t i e s  of  0.005 i n .  added t o  t h e  con tour  t o l e r a n c e s  
of 0.006 i n .  cou ld  have reduced t h e  running c l e a r a n c e s ,  w i t h o u t  any  s h a f t  
d e f l e c t i o n ,  t o  a minimum of  0.007 i n .  T h e r e f o r e ,  a t  extreme thermal  and 
This minimum c l e a r a n c e  was 0.032 i n .  
The s h a f t  w a s  a c t u a l l y  runn ing  i n  t h e  forward p o s i t i o n  on t h e  
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t o l e r a n c e  c o n d i t i o n s ,  a s h a f t  d e f l e c t i o n  of  0.007 i n .  cou ld  c a u s e  an 
i m p e l l e r  r u b .  D e f l e c t i o n s  exceeding  these  v a l u e s ,  as de termined  from 
measurement of  t h e  d e p t h  of i nduce r  rubs ,  were observed  d u r i n g  p rev ious  
t e s t i n g .  The r e l a t i o n s h i p  between inducer  r a d i a l  d e f l e c t i o n  and  i m p e l l e r -  
t o -hous ing  d e f l e c t i o n  i s  shown i n  f i g u r e  11-28. With 0 .012- in .  i nduce r  
b l a d e  t i p  movement, a 0 .010- in .  impe l l e r  d e f l e c t i o n  toward t h e  i n d u c e r  
hous ing  a l s o  o c c u r s .  Thus both  t h e  des ign  s t u d y  and t e s t  e x p e r i e n c e  
v e r i f i e d  t h a t  a n  i m p e l l e r  rub  was t h e  probable  c a u s e  o f  t h e  f i r e s .  
I n  a d d i t i o n  t o  t h e  d e s i g n  a n a l y s i s  a s e r i e s  of  s t a t i c  d e f l e c t i o n  t e s t s  
was conducted on t h e  o x i d i z e r  pump s h a f t  and h o u s i n g s .  The o b j e c t i v e s  
were t o  de t e rmine :  
1. The d e f l e c t i o n s  o f  t h e  s h a f t  and hous ing  o v e r  a r e p r e s e n t a -  
t i v e  load  range  
2 .  I f  s t r u c t u r a l  changes would be  r e q u i r e d  t o  reduce  t h e s e  
d e f l e c t i o n s  d u r i n g  pump o p e r a t i o n .  
- Lhree  s e r i e s  o f  t e s t s  w e r e  coiidiicted, t h s  f i r s t  w i t h  cn1y t h e  r o t a t i n g  2 s -  
sembly mounted r i g i d l y  a t  t h e  f r o n t  b e a r i n g  l o c a t i o n ,  t h e  second w i t h  t h e  r o -  
t a t i n g  assembly mounted i n  t h e  eng ine  hous ings  t h a t  were i n  t u r n  mounted t o  a 
r i g i d  s u p p o r t ,  and t h e  t h i r d  w i t h  a complete turbopump mounted i n  an  eng ine .  
The t e s t  c o n f i g u r a t i o n  f o r  measuring s h a f t  d e f l e c t i o n  o n l y  i s  shown 
i n  f i g u r e  11-29 .  The r i g  d u r i n g  a t y p i c a l  t es t  i s  shown i n  f i g u r e  11-30. 
The r a d i a l  load  and bending  moment r e l a t i o n s h i p  from t h e  unsymmetr ical  
p r e s s u r e  d i s t r i b u t i o n  around t h e  impe l l e r  and i n d u c e r  are  p r e s e n t e d  i n  
f i g u r e  11 -31 .  The maximum d i f f e r e n t i a l  i n  p r e s s u r e  around t h e  i m p e l l e r  
was 15 p s i d  as  de termined  from t e s t i n g .  T h i s  r e s u l t s  i n  a r a d i a l  load  
of approx ima te ly  75 l b .  D e f l e c t i o n  t e s t  r e s u l t s  f o r  t h e  o x i d i z e r  pump 
s h a f t  compared w i t h  t h e  p r e d i c t e d  d e f l e c t i o n  v a l u e s  are  shown i n  f i g -  
u r e  11 -32 .  A s i g n i f i c a n t l y  h i g h  l o a d ,  approx ima te ly  300 t o  500 l b ,  w a s  
r e q u i r e d  t o  produce a n  i m p e l l e r  movement of 0.010 i n .  This was much 
h i g h e r  than t h e  maximum l o a d  of 7 5  l b  c a l c u l a t e d  from t e s t  d a t a .  The 
s h a f t  d e f l e c t i o n  c h a r a c t e r i s t i c s  taken  a t  400- lb  r a d i a l  l o a d ,  shown i n  
f i g u r e  11 -33 ,  r e p r e s e n t  a normal d e f l e c t i o n  cu rve  f o r  a c a n t i l e v e r  beam, 
i n d i c a t i n g  no u n u s u a l  d e f l e c t i o n  c h a r a c t e r i s t i c s .  
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Fi-gure 11-27. RL10A-3-3 Oxidizer Pump 1mpel l .e r  FD 18355 
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24 
IMPELLER DEFLECTION (At Point of Contact) - in. 
F i g u r e  11-28. RL1OA-3-3 Ox id ize r  Pump I n d u c e r  FD 18326 
R a d i a l  D e f l e c t i o n  vs I m p e l l e r  
D e f  1 e c  t i o n  
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INDUCER AND IMPELLER 
CIRCUMFERENTIAL AP - psid 
F i g u r e  11-31. RL10A-3-3 Ox id ize r  Pump S h a f t  FD 18359 
R a d i a l  Load and Moment vs Inducer  
and I m p e l l e r  C i r c u m f e r e n t i a l  P r e s s u r e  
D i f f e r e n c e  
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F i g u r e  11-32. R L l O A - 3 - 3  O x i d i z e r  Pump I n d u c e r  
T i p  R a d i a l  D e f l e c t i o n  vs 
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Required Inducer Radial Loads or Impeller Moments 






Radial Load and Moment 
on the Inducer and Impeller 
IMPELLER MOMENT I - in-lb 
F i g u r e  11-34. C a l c u l a t e d  RL10A-3-3 O x i d i z e r  Pump FD 18325 
I n d u c e r  R a d i a l  Load vs I m p e l l e r  
Moment 
11-45 
Pratt & Whitney Flircraft 
PWA FR-1890 
These  d a t a  s u g g e s t  t h a t  a d d i t i o n a l  r a d i a l  f o r c e s  must b e  a c t i n g  on t h e  
i n d u c e r  and i m p e l l e r  o r  on  t h e  hous ing  t o  c a u s e  t h e  r u b s  obse rved  d u r i n g  
pump t e s t i n g .  
850 i n . - l b  i s  r e q u i r e d ,  f i g u r e  1 1 - 3 4 ,  a s  compared t o  a maximum moment o f  
260 i n . - l b  de t e rmined  from pump tes ts ,  f i g u r e  11-31. A p l o t  showing t h e  
c a l c u l a t e d  i n d i v i d u a l  r a d i a l  l o a d  o r  moment o f  t h e  i m p e l l e r  and i n d u c e r  
a n d / o r  a combina t ion  r e q u i r e d  t o  produce a 0 .010- in .  s h a f t  d e f l e c t i o n  i s  
p r e s e n t e d  i n  f i g u r e  11 -34 .  
f e r e n t i a l  p r e s s u r e  a round t h e  i m p e l l e r  and i n d u c e r  t o  produce  t h e s e  f o r c e s  
w a s  n o t  obse rved  d u r i n g  pump t e s t i n g .  
To produce  a 0 .010- in .  s h a f t  d e f l e c t i o n  from a p u r e  moment, 
It  should  be no ted  t h a t  t h e  n e c e s s a r y  d i f -  
Wi th  t h e  i n d u c e r  h o u s i n g  removed, d e f l e c t i o n  t es t s  were con t inued  on 
a n  assembled  o x i d i z e r  pump. A l o a d  was a p p l i e d  a t  t h e  c e n t e r  o f  t h e  i n d u c e r  
w i t h  an  e q u a l  and o p p o s i t e  l o a d  a p p l i e d  t o  t h e  i m p e l l e r  h o u s i n g  forward 
f l a n g e  as  shown i n  f i g u r e  11-35 .  The d e f l e c t i o n  c u r v e s ,  p r e s e n t e d  i n  f i g -  
u r e  11 -36 ,  compared c l o s e l y  t o  p r e v i o u s  t es t s  (measured v a l u e s ,  f i g -  
u r e  1 1 - 3 2 ) .  The i m p e l l e r  hous ing  d e f l e c t i o n  w a s  minor .  
A s u b s t a n t i a l  d e f l e c t i o n  o f  t h e  induce r  forward  f l a n g e  was measured 
d u r i n g  t e s t s  w i t h  t h e  turbopump mounted on an  e n g i n e .  The t e s t  c o n f i g u r a -  
t i o n  f o r  l o a d i n g  t h e  i n d u c e r  f l a n g e s  i s  shown i n  f i g u r e  11 -37 .  Both s h e a r  
and moment l o a d s  w e r e  a p p l i e d  a t  r e p r e s e n t a t i v e  r a d i a l  d i r e c t i o n s  t o  t h e  
maximum a l l o w a b l e  i n s t a l l a t i o n  v a l u e s  of 200 l b  and 2200 i n . - l b ,  r e spec -  
t i v e l y .  I n d u c e r  hous ing  f r o n t  f l a n g e  d e f l e c t i o n s  from 0.008 t o  0.013 i n .  
were r eco rded .  T h e r e f o r e ,  e n g i n e  o r  r i g  i n s t a l l a t i o n  f l a n g e  l o a d s  can  
c a u s e  a r e d u c t i o n  i n  t h e  i n d u c e r  r a d i a l  and i m p e l l e r  a x i a l  c l e a r a n c e s .  
The c o n c l u s i o n s  r eached  from t h e  i n v e s t i g a t i o n  d e s c r i b e d  above w e r e :  
1. The o x i d i z e r  pump f i r e s  r e s u l t e d  from a r u b  between t h e  
i m p e l l e r  and t h e  hous ing  
2 .  The r u b  w a s  caused by a combinat ion o f :  
a .  S i d e  and v i b r a t i o n a l  l o a d s  on t h e  r o t a t i n g  assembly  and 
hous ing  t h a t  were h i g h e r  than expec ted  d u r i n g  o p e r a t i o n  
i n  deep  c a v i t a t i o n .  
e x p e r i m e n t a l ,  i n c r e a s e d  d i ame te r  pump i m p e l l e r .  
These were a g g r a v a t e d  b y  t h e  
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b .  I n c r e a s e d  i n d u c e r  l a b y r i n t h  seal  c l e a r a n c e .  T h i s  
a l lowed g r e a t e r  d e f l e c t i o n  of  t h e  i n d u c e r  r e l a t i v e  
t o  t h e  hous ing  s o  t h a t  i m p e l l e r  rub  could  o c c u r  b e f o r e  
t h e  i n d u c e r  rubbed and r e s t r a i n e d  t h e  s h a f t .  
c .  I n c r e a s e d  i n d u c e r  l a b y r i n t h  seal  c l e a r a n c e  t h a t ,  be-  
cause  of  i n c r e a s e d  r e c i r c u l a t i o n  l e a k a g e ,  caused a 
d e c r e a s e d  p r e s s u r e  on the f r o n t  s i d e  o f  t h e  i m p e l l e r ,  
c a u s i n g  t h e  r o t o r  t o  run  i n  t h e  forward p o s i t i o n .  
d .  Less  t h a n  d e s i r a b l e  impe l l e r - to -hous ing  minimum des ign  
c l e a r a n c e s .  
The above combina t ion  o f  p a r t s  and c i r cums tances  would no t  occur  d u r i n g  
e n g i n e  o p e r a t i o n .  However, f o r  a d d i t i o n a l  margin t h e  p a r t s  l i s t  i m p e l l e r -  
t o -hous ing  c l e a r a n c e s  were i n c r e a s e d .  With t h i s  d e s i g n ,  c o n d i t i o n s  a s  s e v e r e  
as  encoun te red  i n  t h e  r i g  t e s t i n g  would no t  cause  an  i m p e l l e r - t o - h o u s i n g  
r u b .  
D .  OXIDIZER PUMP INDUCER HOUSING CARBON INSERT TESTING 
To comple te  t h e  o r i g i n a l  program o b j e c t i v e ,  i . e . ,  e l i m i n a t i o n  of me ta l -  
t o - m e t a l  rubb ing  of t h e  i n d u c e r  on t h e  hous ing ,  t e s t i n g  of an  i n d u c e r  
hous ing  was i n i t i a t e d  w i t h  a n  ab radab le  carbon i n s e r t ,  s i m i l a r  t o  t h e  
o x i d i z e r  pump d e s i g n  i n  p rev ious  RLlO engine  models .  Carbon w a s  s e l e c t e d  
because  o f  t h e  e x t e n s i v e  s a t i s f a c t o r y  expe r i ence  on p rev ious  RLlO eng ine  
models t o t a l i n g  more than  5500 f i r i n g s  and 800,000 seconds  of e n g i n e  t e s t  
t i m e .  This d e s i g n  r e q u i r e d  a n  inc reased  i n d u c e r  b l ade - to -hous ing  c l e a r a n c e  
t o  p r e v e n t  any p o s s i b l e  b l a d e  r u b  because of  t h e  expec ted  i n c r e a s e d  wear 
of t h e  carbon ma te r i a l  when rubbed by t h e  inducer  l a b y r i n t h  s ea l  as com- 
pared  t o  aluminum. The b l a d e  d i a m e t r i c a l  c l e a r a n c e ,  t h e r e f o r e ,  w a s  i n -  
c r e a s e d  i n  s t e p s  from 0.050 t o  0.100 i n .  w h i l e  t h e  l a b y r i n t h  s ea l  was 
s e t  t o  t h e  p a r t s  l i s t  d i a m e t r i c a l  c l e a r a n c e  of  0.010 i n . ,  r e f e r e n c e  tes ts  
1 th rough  4 of r i g  B71C006, t a b l e  11-1. The t e s t  r e s u l t s ,  f i g u r e s  11-38 
th rough  11-41, show t h a t  performance wi th  b l a d e  c l e a r a n c e s  up t o  0.100 i n .  
m e t  s p e c i f i c a t i o n  r equ i r emen t s .  The l a b y r i n t h  seals  rubbed as expec ted ,  
b u t  t h e r e  were no b l a d e  rubs  a s  s e e n  i n  f i g u r e  11-42.  
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F i g u r e  11-37. O x i d i z e r  Pump Inducer  F l a n g e  
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FD 18358 F i g u r e  11-42. RLlOA-3-3  O x i d i z e r  Pump I n d u c e r  
Hous ing  (Rig B71C006-4) 
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T e s t i n g  con t inued  w i t h  t h e  l a b y r i n t h  s e a l  c l e a r a n c e s  i n c r e a s e d  t o  
0.022 i n . ,  r i g  B71C006, t e s t  5 ,  t o  de te rmine  t h e  e f f e c t  of wear  and 
a t t e n d a n t  i n c r e a s e d  c l e a r a n c e  t h a t  could occur .  R e s u l t s  p r e s e n t e d  i n  f i g -  
u r e  11-43 
For  t h e  n e x t  t e s t ,  r i g  B71C006, tes t  6 ,  t h e  i n d u c e r  l a b y r i n t h  seal  shroud- 
t o - i n d u c e r  hous ing  forward a x i a l  c l e a r a n c e  was i n c r e a s e d .  The i n d u c e r  hous -  
i n g  i n  t h i s  area was o r i g i n a l l y  contoured  t o  d i r e c t  t h e  s e a l  l e a k a g e  f low 
back i n t o  the  i n d u c e r  i n l e t  a t  a more f a v c r a b l e  a n g l e .  T h i s  c o n t o u r  
w a s  e l i m i n a t e d  when t h e  forward i n d u c e r  shroud-  to -hous ing  l i p  was removed 
t o  i n c r e a s e  t h i s  c l e a r a n c e  , s l i g h t l y  a f f e c t i n g  t h e  pump performance 
c h a r a c t e r i s t i c s  as  i n d i c a t e d  i n  f i g u r e  11-44. 
show t h a t  pump NPSP requi rements  were e s s e n t i a l l y  unchanged. 
E v a l u a t i o n  o f  t h e  performance r e s u l t s  from t h e  above t e s t  program 
e s t a b l i s h e d  t h e  fo l lowing  f i n a l  o x i d i z e r  pump d e s i g n  c o n f i g u r a t i o n .  
1. The o r i g i n a l  d e s i g n  0 .010- in .  inducer  l a b y r i n t h  s e a l  
d i a m e t r i c a l  c l e a r a n c e  was r e t a i n e d .  
2 .  The i n d u c e r  b l a d e  d i a m e t r i c a l  c l e a r a n c e  w a s  i n c r e a s e d  t o  
0.070 i n .  
3 .  The induce r  shroud- to-hous ing  forward a x i a l  minimum c l e a r -  
ance  w a s  i n c r e a s e d  t o  0.066 i n .  
4 .  The impe l l e r - to -hous ing  forward a x i a l  minimum c l e a r a n c e  w a s  
i n c r e a s e d  t o  0 .107 i n .  
F i g u r e  11-45 i l l u s t r a t e s  t h e  o r i g i n a l  a s  compared t o  t h e  f i n a l  o r  c u r r e n t  
o x i d i z e r  pump p a r t s  l i s t  c o n f i g u r a t i o n ,  The new i n d u c e r  and i n d u c e r  hous ing  
d e s i g n  w a s  s u b j e c t e d  t o  a 10-hour  endurance t e s t  on r i g  B71C006, t e s t s  7 
and 8. These t e s t s  were conducted w i t h  l i q u i d  oxygen, one hour  a t  t h e  
10% c a v i t a t i o n  l e v e l  and n i n e  hours  with normal eng ine  i n l e t  NPSP l e v e l s .  
P o s t - t e s t  i n s p e c t i o n  showed t h e  p a r t s  t o  be  i n  e x c e l l e n t  c o n d i t i o n  w i t h  
no i n d u c e r  b l a d e  rub b u t  w i t h  t h e  usua l  l a b y r i n t h  s e a l  rubs  ( f i g u r e  11-46) .  
I n  a d d i t i o n ,  s e v e r a l  s e v e r e  rub  t e s t s  were completed on t h i s  c o n f i g u r a -  
f i g u r a t i o n  t o  demons t r a t e  s a t i s f a c t o r y  o p e r a t i o n  a t  extreme c o n d i t i o n s  
r e f e r e n c e  r i g  B71C005, t es t s  2 and 3 .  Tests were performed w i t h  t h e  
pump o p e r a t i n g  a t  t h e  40% c a v i t a t i o n  l e v e l .  
t o  t h e  t h r u s t  b e a r i n g  s u p p o r t  c r e a t i n g  s h a f t  d e f l e c t i o n s  t o  0.050 i n .  a s  
measured a t  t h e  i n d u c e r  b l a d e  t i p .  
a deep rub  but  o t h e r w i s e  t h e  par t s  were i n  e x c e l l e n t  c o n d i t i o n .  
A 1000- lb  load  w a s  a p p l i e d  
Again,  t h e  p o s t - t e s t  i n s p e c t i o n  showed 
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The NPSP performance r e s u l t s  from t e s t  7 of r i g  B71C006 a re  p resen ted  
i n  f i g u r e  11-47. No a p p r e c i a b l e  change i n  t h e  NPSP r e q u i r e m e n t s  i s  i n d i -  
c a t e d  a s  compared t o  t h e  o r i g i n a l  o x i d i z e r  pump c o n f i g u r a t i o n  r e p r e s e n t e d  
i n  f i g u r e  11-8. T h i s  d e s i g n  h a s  been  i n c o r p o r a t e d  i n t o  t h e  P a r t s  L i s t  
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F i g u r e  11-46. RL10A-3-3 O x i d i z e r  Pump I n d u c e r  FD 18352 
Housing  ( R i g  B71C006-8) 
11-61 
~ ~~~ 
Pratt & Whitney Rircraft 
PWA FR-1890 
I 
0 0 0  0 
0 0 0  0 
"N r( 
rlrlr( t( 
0, O, O" 0, 
1 
N 1 -  - -i 
N I 
' !  
. .  
---- - - 7 
' . . . I  
----. 
! 










- 1  
0.. 
11-62 




1. The o r i g i n a l  RL10A-3-3 eng ine  o x i d i z e r  pump d e s i g n  performed s a t i s -  
f a c t o r i l y  under  extreme o p e r a t i n g  c o n d i t i o n s  t h a t  caused s e v e r e  
m e  t a  1 - t o  -metal  i nduce r  - t o  -hous ing  rubbing . 
2 .  Me ta l - to -me ta l  rubb ing  i n  t h e  RL10A-3-3 o x i d i z e r  pump was e l i m i n a t e d  
by i n c o r p o r a t i o n  of  a carbon i n s e r t  i n  t h e  o x i d i z e r  pump induce r  
housing and i n c r e a s i n g  t h e  i n d u c e r  b l ade - to -hous ing  c l e a r a n c e .  
3 .  RL10A-3-3 o x i d i z e r  pump f i r e s  encountered d u r i n g  r i g  t e s t i n g  of  
non-Pa r t s  L i s t  pump c o n f i g u r a t i o n s  under c o n d i t i o n s  o u t s i d e  of 
Model S p e c i f i c a t i o n  l i m i t s  were caused by i m p e l l e r - t o - h o u s i n g  rub-  
b i n g .  
4 .  I n c r e a s i n g  t h e  i m p e l l e r - t o - h o u s i n g  a x i a l  c l e a r a n c e ,  i n c r e a s i n g  t h e  
induce r  b l ade - to -hous  i n g  d i a m e t r i c a l  c l e a r a n c e  , and i n c r e a s i n g  t h e  
i n d u c e r  sh roud- to -hous ing  a x i a l  c l e a r a n c e  improved t h e  c a p a b i l i t y  
of  t h e  RL10A-3-3 o x i d i z e r  pump t o  o p e r a t e  a t  c o n d i t i o n s  o u t s i d e  
of Model S p e c i f i c a t i o n  l i m i t s .  
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APPENDIX A 
L I Q U I D  OXYGEN RUBBING T E S T S  ON 
R L l O  OXIDIZER PUMP MATERIALS 
1. FOREWORD 
T h i s  r e p o r t  d e s c r i b e s  t h e  t e s t s  performed t o  de t e rmine  t h e  rubb ing  
c o m p a t i b i l i t y  of  v a r i o u s  m a t e r i a l s  i n  l i q u i d  oxygen. 
2 .  ABSTRACT 
The s t a n d a r d  method o f  d e t e r m i n i n g  l i q u i d  oxygen c o m p a t i b i l i t y  of  
a material  i s  by impac t ing  m a t e r i a l  immersed i n  l i q u i d  oxygen. However, 
t h e  impact  t es t  does  n o t  g i v e  in fo rma t ion  conce rn ing  l i q u i d  oxygen com- 
p a t i b i l i t y  i n  a rubbing  c o n d i t i o n .  A s p e c i a l  rub  r i g  w a s  c o n s t r u c t e d  
t o  e v a l u a t e  t h e  rubb ing  c o m p a t i b i l i t y  of v a r i o u s  materials.  
The r u b  r i g  t e s t s  were des igned  s p e c i f i c a l l y  t o  s i m u l a t e  p o s s i b l e  
rub  c o n d i t i o n s  i n  t h e  R L l O  o x i d i z e r  pump a t  prede termined  c o n d i t i o n s  of  
l o a d ,  speed ,  p r e s s u r e ,  and t ime.  The t e s t  samples ,  w i t h  c o n t a c t  con- 
f i g u r a t i o n s  of f l a t  end ,  k n i f e  edge ,  round end ,  and p o i n t e d  end ,  i nc luded  
t h o s e  mater ia l s  exposed t o  oxygen i n  the o x i d i z e r  pump. 
A l l  t h e  mater ia ls  used i n  t h e  R L l O  o x i d i z e r  pump were found compat ib le  
i n  l i q u i d  oxygen under  t h e  r u b  c o n d i t i o n s  t e s t e d .  Twenty-four  t e s t s  were 
made w i t h o u t  a d e t o n a t i o n  o r  s e v e r e  chemical r e a c t i o n  o f  t h e  components.  
3 .  TECHNICAL DISCUSSION 
a .  Method of  Test  
The r u b  r i g  i n s t a l l a t i o n  on t h e  l i q u i d  oxygen t e s t  s t a n d  i s  shown i n  
Cool ing  of  t h e  rub f a c e  was ensu red  by i n t r o d u c i n g  f i g u r e s  A - 1  and A - 2 .  
l i q u i d  oxygen f low i n t o  t h e  r i g  c e n t e r  and d i s c h a r g i n g  a t  two l o c a t i o n s  
a round t h e  p e r i p h e r y .  
w i t h o u t  removal of  t h e  r i g  from t h e  t e s t  s t a n d .  
s h a f t  w a s  p rovided  by a v a r i a b l e  d r i v e  motor through a 4 : l  p u l l e y  sys t em.  
Acce lerometers  were mounted f o r  cont inuous  v i b r a t i o n  m o n i t o r i n g  d u r i n g  
t h e  t e s t s .  
The s a m p l e  p o r t  p o s i t i o n  a l lowed specimen changes 
Power t o  d r i v e  t h e  r i g  
A- 1 
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The rub  f a c e  w a s  r o t a t e d  a t  speeds  from 3600 t o  8000 rpm (92-204 f p s )  
w h i l e  f lowing  l i q u i d  oxygen through t h e  r i g  a t  p r e s s u r e s  of 60-70 p s i g .  
Specimen exposure  t i m e  a t  t h e s e  c o n d i t i o n s  was 50 t o  300 seconds .  
b .  Samples 
The rubb ing  c o n d i t i o n  o f  t h e  m a t e r i a l s  t e s t e d  w a s  o b t a i n e d  by p r e s s i n g  
t h r e e  c y l i n d r i c a l ,  sp r ing - loaded  specimen p i n s  a g a i n s t  t h e  s i d e  of a 6 .5 - in .  
OD r u b  f a c e .  Four p i n  c o n f i g u r a t i o n s  were used  as i l l u s t r a t e d  i n  f i g u r e  A-3, 
w i t h  t h e  p i n  load  l i m i t e d  t o  one pound f o r  a l l  t e s t s .  P i n  and r u b  f a c e  
materials were  AMs 4130 aluminum a l l o y ,  AMs 5646 s t a i n l e s s  s t e e l ,  
AMs 4650 coppe r -be ry l l i um a l l o y ,  and AMs 5646 s t a i n l e s s  s t e e l  chrome 
p l a t e d  p e r  AMs 2406. I n  a d d i t i o n ,  p i n s  w e r e  made from Purebon 5Ag carbon 
and N a t i o n a l  TS-282 ca rbon .  Wear a n a l y s i s  o f  t h e  p i n s  was made by measure- 
ments of  we igh t  and r e d u c t i o n  i n  l e n g t h .  
c .  A n a l y s i s  of R e s u l t s  
The mater ia l s  t e s t e d  and r e s u l t s  are p r e s e n t e d  i n  t a b l e  A - 1 .  Twenty- 
f o u r  t e s t s  w e r e  made w i t h o u t  a d e t o n a t i o n  o r  s e v e r e  chemical  r e a c t i o n  
o f  t h e  specimens.  Typ ica l  wear p a t t e r n s  from AMs 5646 p i n  and rub  f a c e  
combina t ion  a r e  shown i n  f i g u r e s  A - 4  through A - 8 .  Where n o t i c e a b l e  wear  
w a s  e v i d e n t  on t h e  metal  p i n s ,  b l a c k  ox ides  w e r e  found on t h e  rub  f a c e s .  
The ca rbon  p i n s  wore less than  co r re spond ing  m e t a l  p ins  ( t e s t  20), b u t  were 
more s u s c e p t i b l e  t o  breakage .  
4 .  CONCLUSIONS 
The mater ia l s  used  i n  t h e  R L l O  o x i d i z e r  pump were found compa t ib l e  
i n  l i q u i d  oxygen under  t h e  r u b  c o n d i t i o n s  t e s t e d .  
on t h e  c o m p a t i b i l i t y  t h r e s h o l d  by impact t e s t s ,  w a s  found compa t ib l e  
by t h e  r u b  method. 
The carbon mater ia l ,  
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